The mechanism of lysosome activation by 17β-estradiol has been studied in mussel blood cells. Cell treatment with estradiol induced a sustained increase of cytosolic free Ca 2+ that was completely prevented by pre-incubating the cells with the Ca 2+ chelator, BAPTA-AM.
INTRODUCTION
The gonadal steroid 17β-estradiol has been described mostly in terms of its long-term effects related to genomic activation. However, short-term, non-genomic effects of the hormone have also been observed in a variety of cell types. These effects are frequently associated to increases in [Ca 2+ ] i (1, 3, 12, 26, 36, 44) and may rely on the presence of estradiol receptors in the plasma membrane (18, 41, 44) . As they may play a significant role in the regulatory functions of the hormone, these short-term effects warrant further study.
One short-term effect of estradiol which has not previously been studied in association with other effects of the hormone is destabilization of lysosomal membranes (29, 45, 51).
Lysosomes are membrane-bound organelles rich in acidic hydrolases that represent the cellular site for bulk macromolecule degradation. Lysosomal activities mediate several processes in cell feeding, homeostasis and anti-microbial defense, which involve lysosome fusion with endosomes and (auto)phagosomes (22, 32, 43) . Lysosomal membranes are essential for the correct functioning of the lysosome, permitting hydrolase compartmentalisation, maintenance of an acidic internal environment and vacuole trafficking.
Because of lysosomal sensitivity to a variety of chemical agents and stressors, lysosomal alterations are often used as a general biomarker of stress in environmental biomonitoring (e.g. 10, 48). Lysosomal membrane destabilization involves increased fusion of lysosomes and phagosomes and is frequently associated to cellular stress deriving from the action of xenobiotics and pro-oxidant agents (16, 21, 27 , 49, 52), or from pathological conditions (11, 14, 46) . Under extreme circumstances, normally latent acidic hydrolases may leak into the cytoplasm, causing damage to cell components and eventually leading to cell death (23, 50, 53) . However, lysosomal membrane destabilisation can also occur independently from cellular stress, such as during apoptosis (19, 34, 40) or in the short-term response to 17β-estradiol, as mentioned above. 4 This study is part of an attempt to address a broader question: is there a common explanation for the lysosomal (hyper)activations induced by stress conditions and by endogenous processes? In order to answer this question the mechanisms responsible for lysosomal membrane destabilization and lysosome activation need to be further clarified. To reach this aim, we tried to understand the effect of estradiol on lysosomes by exploring possible links between the process of destabilization of the lysosomal membrane and other short-term effects of the hormone. We thus sought for an estradiol-induced, Ca 2+ -dependent mechanism which leads to modification of the lysosomal membranes. As both cytosolic and exogenous PLA2 have been found to cause lysosomal membrane destabilisation (33) and lysosomal enzyme leakage (24), we focussed on identifying a potential association between Ca 2+ -dependent cytosolic PLA2 and the effect of estradiol on lysosomal membranes.
Marine mussel blood cells served as our experimental model system. These cells are lysosome-enriched elements involved in anti-pathogen defence, and have been widely used for investigations of lysosomes in general (7, 37, 49, 52) and for the study of membrane destabilizing effects produced by 17β-estradiol in particular (19) . The presence of 17β-estradiol has been ascertained in mussels (39) , and in addition, steroid hormones seem to play typical roles in the lifecycle of these molluscs, for example, in gonad maturation during the reproductive period (38 
Blood cell collection
Mussel blood (1 ml) was withdrawn from the posterior adductor muscle using a hypodermic syringe containing an equal volume of artificial seawater. The needle was then removed and the syringe content was put into a siliconized (Sigmacote) Eppendorf tube.
Evaluation of lysosomal membrane stability and of lysosomal volume
Aliquots of 30 µl of blood cell suspension were placed on microscope slides coated with 2 µl poly-L-lysine (1:10 in distilled water) in order to improve cell-to-substratum adhesion. with an MTI SIT 68 intensified camera (Oatencourt Ltd., England). Images were acquired every minute using the CUE2 RMS 4.0 imaging system (Galai Production Ltd., Israel).
Background fluorescence was subtracted before analysis.
Fura-2 calibration was achieved by the equation from Grynkiewicz et al. (13):
where K d = 135 nM, F max and F min are maximum and minimum fluorescence intensities, measured after cell treatment with 50 µM digitonin and 5 mM EGTA, respectively, and Sf 2 /Sb 2 is the ratio between the excitation efficiencies of free probe and Ca
2+
-bound probe at 380 nm.
Cell fractionation and Western blotting
Blood suspensions (see above) were settled in petri dishes at 15 °C, and cells were then exposed to 50 nM estradiol for 30 min, with or without pre-incubation with 10 µM AACOCF3 for 10 min. Cells were then washed with artificial seawater, scraped in homogenisation buffer (50 mM NaF, 0.2 mM Na orthovanadate, 130 mM NaCl, 10 mM phosphate buffer, pH 7.2, 5 µg/ml aprotinin, 5 µg/ml antipain, 5 µg/ml pepstatin A, 1 µg/ml chimostatin, and 1 µg/ml leupeptin, Sigma Chemical Co.) and lysed by means of a tight glass/glass potter. Lysates were centrifuged at 100 g for 15 min using a Sorvall RC-5B
(DuPont Instruments, Newtown, CT), the supernatant was centrifuged at 100,000 g for 1.5 h in a Beckman L5-50B Ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA), and the Actin labelling. Cells were incubated with proteasome and caspase-3 inhibitors as described above, and then treated with 50 nM estradiol at 15 °C for 4 h. Thereafter, cells were washed with phosphate buffered saline (PBS), fixed with 3 % paraformaldehyde in PBS at 9 room temperature for 10 min followed by 0.5 % Triton X100 in PBS for 1 min, washed twice with PBS, incubated with 0.1 mg/ml phalloidin-FITC labelled at room temperature for 30 min, and mounted in glycerol. Slides were observed under a Zeiss LSM 510 confocal microscope (Carl Zeiss Inc., Thornwood, NY).
Statistics
Data were analysed by the Systat 8.0 software (SPSS Inc., Evanston, IL).
RESULTS

[Ca
2+ ] i measurements and lysosomal membrane stability analysis
Loading of mussel blood cells with fura2-AM and subsequent imaging with digital fluorescence microscopy revealed that exposure to 50 nM 17β estradiol induced a significant increase in [Ca 2+ ] i (Fig. 1A) , which was completely prevented by cell loading with the Ca 2+ chelator BAPTA-AM (15 µM for 15 min) prior to estradiol exposure (Fig. 1A ).
Lysosomal membrane destabilization was evaluated by staining cells with the lysosomotropic dye neutral red (NR). Transmission light microscopy and digital image analysis showed no lysosome destaining in control cells within 1 h. By contrast, destaining of cells exposed to 50 nM estradiol started at about 15 min and was highly significant after 1 h, indicating dye leakage due to lysosomal membrane destabilization (Fig. 1B) . The effect of estradiol on lysosomes was almost entirely prevented by preincubation with AACOCF3, significantly lowered by pre-incubation with BAPTA-AM, and almost unaffected by preincubation with BEL (Fig. 1B) . In addition, the use of fura-2 showed that AACOCF3 did not produce any effect on cell Ca 2+ and did not prevent the Ca 2+ rise induced by estradiol (Table 1 ).
In another set of experiments, blood cells were exposed to the Ca 2+ ionophore A23187 (20 µM), which yielded effects quite similar to those induced by estradiol. By using fura-2 or neutral red in different tests, A23187 was shown to induce an increase in [Ca 2+ ] i and lysosomal membrane destabilization (Fig. 2) . Also, preincubation with AACOCF3 significantly reduced the lysosome destaining caused by A23187 (Fig. 2B) -dependent PLA2 However, the failure of BAPTA to completely prevent the estradiol effect on lysosomes suggests that some Ca 2+ -independent mechanism also plays a minor role.
Assessment of Ca 2+ -dependent PLA2 activation
The use of a goat polyclonal antibody on mussel blood cell homogenates permitted detection of a putative homologue of mammalian cPLA2, the Ca
2+
-dependent cytosolic PLA2.
Western blotting after fractionation of mussel blood cell homogenates showed an increase of the cPLA homologue in the particulate fraction of cells exposed to estradiol, indicating that estradiol induces a translocation of Ca
-dependent PLA2 from cytosol to membranes.
Moreover, such an effect was significantly reduced by preincubation with AACOCF3 ( Fig.   3 ).
Assessment of lysosomal volume and protein degradation
As lysosomal membrane destabilization generally leads to an increase in lysosomal volume and cell catabolic activities, we sought similar effects in estradiol treated cells. In one experiment, transmission light digital imaging of NR stained cells showed an increase of the ratio between the overall volume of lysosomes and the total cell volume after exposure to estradiol. In this case too, preincubation with AACOCF3 successfully prevented the estradiol effect, whereas in the presence of BEL the effect of estradiol remained almost the same (Fig.   4A ). Quite similar results were found after cell exposure to A23187 (Fig. 4B) .
In another experiment, the degradation of long-lived protein was evaluated by staining actin with fluorescein-labelled phalloidin. Quantitative analysis of confocal laser micrographs showed a sharp decrease of fluorescence in cells exposed to estradiol, indicating actin degradation (Fig. 5A) . However, the fluorescence decrease was significantly lowered by cell pre-incubation with AACOCF3 (Fig. 5A) .
Finally, the ability of estradiol to induce an increase in protein turnover was investigated by cell labelling with the radioactive amino acid [ 14 C]-valine. The release of radioactive amino acid from labelled proteins was higher after exposure to estradiol, indicating an increase in protein breakdown (Fig. 5B) , while AACOCF3 pre-incubation abolished such an estradiol effect (Fig. 5B ). In these experiments, possible bias due to extra-lysosomal proteases was limited using specific inhibitors. The use of caspase-3 protease inhibitor was essential for preventing the activation of caspase-3 due to lysosome labilization (15, 20) , while the use of proteasome inhibitor decreased background noise.
Results from experiments using digital imaging and protein labelling consistently indicate that the lysosomal membrane destabilization induced by estradiol is strictly correlated to an increase of lysosomal volume and protein degradation. -dependent PLA2, which selectively releases arachidonic acid from membrane phospholipids (17) . PLA2 activity is responsible for eicosanoid synthesis, which is crucial to the initiation of the inflammatory response (2) -dependent PLA2 pathway is the main mechanism by which estradiol produces its effect 13 on lysosomes. A further confirmation of this mechanism comes from Western blotting experiments, which clearly showed cPLA2 translocation to the membranes induced by estradiol.
DISCUSSION
Membrane destabilization leads to fusion of membrane-bound organelles, in which a role is played by arachidonic acid (6) . Accordingly, experimental evidence points to the involvement of PLA2 in lysosome/endosome fusion (25) . Moreover, lysosomal membrane destabilization is known to be correlated both to enlargement of lysosomes (16), suggesting lysosome/endosome fusion, and to intracellular free Ca 2+ elevation in fibroblasts (3). In addition, it has been shown that lysosomal fusion involves activation of different catabolic activities, particularly protein degradation (30). This scenario is consistent with the results of the present study. In our experimental system, the PLA2-dependent increase in lysosome volume following estradiol treatment is no doubt linked to increased fusion activities. Also, the increase in lysosome volume that was induced induced by estradiol or A23187 was completely abolished by AACOCF3. This clearly indicates that lysosome fusion is totally dependent on PLA2 activation, in contrast to what happens in lysosome destaining during the NR assay. In addition, our data on degradation rates of both short-and long-lived proteins showed that estradiol can induce metabolic activation of the lysosomal machinery, while the use of AACOCF3 confirmed the involvement of Ca 2+ -dependent PLA2 in this process.
In conclusion, we have identified a short-term pathway of estradiol, which consists in an activation of Ca
2+
-dependent PLA2 and leads to typical morphofunctional modifications of the lysosomal vacuolar system. Besides yielding a molecular explanation for endogenous lysosome activation, this study also offers a new perspective for the understanding of lysosomal alterations due to pathological conditions or the effects of xenobiotic compounds.
Lysosomal membrane destabilization can be used as a biomarker of stress, and a variety of stressors causing lysosomal alterations, such as heavy metals and oxidants (28,31,49), are also known to affect cell Ca 2+ homeostasis (35). Therefore, an involvement of Ca 
